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In vivo detection of UV-induced acute skin
effects using optical coherence tomography
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Abstract: Ultraviolet (UV) rays have been identified as a carcinogen with long-term
irradiation and are an important risk factor for skin cancer. Here, we report the use of optical
coherence tomography/optical coherence tomography angiography (OCT/OCTA) to study
acute UV-induced effects on skin in vivo. To understand the relationship between the acute
effects and irradiated UV power density, three groups were irradiated with different power
densities in our experiments. Furthermore, the same skin area was repeatedly scanned with
OCT during UV irradiation to investigate the progress of the induced acute effects and after
irradiation for observation of skin recovery. Subsequently, the OCT/OCTA results were
quantitatively analyzed to acquire skin thickness and blood-vessel density for comparison.
UV-induced acute effects on morphology and microcirculation can be identified from
OCT/OCTA results, which showed the increases in the skin thickness and blood-vessel
density and even severe damage types such as blisters. The results of quantitative analyses
also illustrated that the severity of damage induced by UV irradiation can be distinguished
and the skin recovery can be monitored with OCT. Our results indicate that OCT can be a
promising tool for early detection of UV-induced acute skin damage.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

OCIS codes: (170.4500) Optical coherence tomography; (170.2655) Functional monitoring and imaging; (170.3880)
Medical and biological imaging.
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1. Introduction

Previous reports have indicated that exposure to solar radiation has a high risk of deleterious
effects on skin, which may further result in skin cancers such as basal/squamous-cell
carcinoma (BCC/SCC) and cutaneous malignant melanoma [1-3]. Moreover, excessive UV
exposure induces genetic mutants as a result of damage to the cellular DNA of skin, and it is a
key factor in nonmelanoma skin cancers and BCC/SCC [4]. The UV spectrum ranges from 10
to 400 nm and can be roughly divided into three sub-bands: UVA, UVB, and UVC. The long-
term effects of UV radiation have been intensively studied in past reports [5]. For example,
long-term exposure to UVA rays makes skin cells age faster and causes damages to DNA.
UVB rays also cause DNA damage and may further result in skin cancer with long-term
irradiation. In contrast, the UVC component in solar light is blocked by the atmosphere.
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Therefore, UVA and UVB are the main causes of skin damage and cancer with long-term
irradiation, and they cover a spectral range of 280—400 nm [6].

Optical coherence tomography (OCT), consisting of an optical interferometer, receives
backscattered or reflected signals from biological tissue to image its two/three-dimensional
microstructure [7,8]. Since OCT is based on the scattering properties of biological tissue, no
extra fluorescence dye or contrast agent is required. In addition to obtaining tissue structure,
functional imaging abilities were also intensively developed, including the abilities to
determine blood-flow velocity [9,10], angiography [11,12], birefringence [13,14], and
elasticity [15,16]. In previous studies, OCT has been widely applied for dermatologic
applications such as skin cancer [17,18], laser treatment [19,20], cosmetics [21], and skin
disorders [22,23]. Barton et al. investigated skin damage induced by the sun and actinic
keratosis in 20 human subjects with OCT. It was noted that the thickness of the epidermis
layer of sun-damaged skin increased, resulting in stronger attenuation along the tissue depth.
Additionally, the thicknesses of normal, sun-damaged, and actinic-keratosis skin were
statistically compared, indicating that the thickness could be a promising indicator for
evaluating skin condition [24,25]. Gambichler et al. used OCT and histology to study
UVA1/UVB-induced acute skin effects. In their study, the epidermis thickness and the
scattering coefficients of epidermis and dermis layers were evaluated for UVA-exposed,
UVB-exposed, and unexposed skin sites. The results indicated that both UVA and UVB
irradiation have an impact on the epidermis thickness [26].

Although the abovementioned studies used OCT for investigating UV-induced skin
damage and sunburns, the dependence of irradiated power on the damage, the acute effects of
UV irradiation, and skin recovery after UV irradiation are not well investigated. In this study,
we report the use of OCT and OCT angiography (OCTA) to investigate the acute effects of
UV irradiation with different power densities on the skin. To understand changes in the
microstructure and microcirculation induced by UV irradiation, we compare OCT and OCTA
results obtained at different time points including time points during and after UV irradiation.
Finally, we demonstrate quantitative analyses of the skin thickness and blood-vessel density
after UV irradiation with different power densities.

2. Experimental setup and method
2.1 OCT system

Balanced SL % QUV
detector

Mouse

Platform

Fig. 1. Schematic diagram of the OCT setup combined with UV irradiation equipment. C:
collimator; DC: dispersion compensator; M: mirror; G: two-axis galvanometer; SL: scanning
lens.

In this study, a swept-source OCT (SS-OCT) system was developed for investigating the UV-
induced acute effects on skin, and the SS-OCT system setup is similar to that in our previous
study, as shown in Fig. 1 [27]. A 1060-nm swept source (SSOCT-1060, AXSUN
Technologies Inc., MA, USA) with a scanning bandwidth of 100 nm was utilized,
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corresponding to a longitudinal resolution of 5 pum in air. The OCT system is based on a
Michelson interferometer with an extra fiber coupler having a coupling ratio of 50/50 to
achieve balanced detection. The analog signal from the balanced detector (PDB460C,
Thorlabs Inc., NJ, USA) was converted by a digitizer (ATS-9350, Alazar Technologies Inc.,
QC, Canada) with a sampling rate of 500 MHz. Additionally, the analog interference
spectrum was resampled through an external k-clock signal from the light source for
wavelength calibration. For scanning mouse skin, a scanning lens (LSM02-BB, Thorlabs Inc.,
NJ, USA) was inserted in the sample arm of the interferometer, providing a transverse
resolution of ~6 um. The scan rate of the swept source is 100 kHz, which provided a frame
rate of 100 Hz.

2.2 Experimental animal and method

To study UV-induced skin effects, mice (C57 wild-type) with the age of 7-8 weeks were used
as the experimental animals. The experimental procedure was approved by the Institutional
Animal Care and Use Committee (IACUC) of Chang Gung University. The mice were
anesthetized on a special mount with isoflurane, and the ear was unfolded and fixed on a glass
plate. The UV light source covers a spectral range of 280—400 nm with a maximum output
power of 50 W. To investigate the acute effects with different power densities, three groups
(n =5 for each group) were used in our experiment: Group 1 was exposed to a power density
of 0.14 W/em?, Group 2 to a power density of 0.61 W/cm®, and Group 3 to a power density of
2.18 W/em®. The irradiation period for each group was 9 minutes and the corresponding
energy densities are 75.6, 329.4, and 1177.2 J/em?, respectively. In our experiments, an
accelerated study design was implemented since the power density of the UV irradiation
during routine sun light exposure is low. UV irradiation with a low power density requires
much longer study time in order to investigating the consequence of UV irradiation on skin.
Thus, the higher power densities were performed in the study. For UV irradiation, the entire
mouse-ear area was illuminated, and the same ear skin area was repeatedly scanned with OCT
to acquire 3D microstructural and micro-angiographic images for comparison during and after
UV irradiation. To repeatedly scan the same skin area, the OCT scanning range was carefully
aligned to a specific location of mouse ear (for example, the bifurcation of vessels) before
each measurement and the same voltages for the two-axis galvanometer were applied to scan
the same area. To acquire OCTA images, speckle variance among sequential B-scans
obtained at the same location was estimated [28]. In our system, two sequential B-scans at the
same location were performed for OCTA imaging, and the larger speckle variation
corresponded to the blood flow. Therefore, 3D OCT and OCTA images can be
simultaneously obtained for each scan. Each 3D OCT imaging data set exhibits a pixel
density of 1000 x 500 x 1024 pixels (X x Y x Z) covering a physical range of 3 x 3 x 2 mm”,
respectively.

3. Experimental results

Since UV irradiation with different power densities may cause different acute effects on skin,
each mouse skin was exposed to a specific power-density level for 9 minutes. Firstly, UV
irradiation with a power density of 0.14 W/cm® was performed. To observe the progress of
skin effects due to UV irradiation, the same skin area was repeatedly scanned with OCT at
various time points. Figures 2(a)—(g) show representative 2D-OCT images of the same skin
area obtained before UV irradiation and after UV irradiation with a power density of 0.14
W/em? for 1.5, 3.0, 4.5, 6.0, 7.5, and 9.0 min. In Fig. 2(a), different skin layers can be
identified including the epidermis, dermis, and auricular cartilage. No significant change in
skin structure could be identified with the increase in irradiation period. In addition to the
investigation of acute response during UV irradiation, the same skin area was continuously
scanned to observe the recovery progress, as shown in Figs. 2(h)—(k). Similarly, no obvious
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irradiation.
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Fig. 2. In vivo OCT images of mouse-ear skin obtained (a) before UV irradiation, and after UV
irradiation with a power density of 0.14 W/cm? for (b) 1.5 min, (c) 3 min, (d) 4.5 min, (e) 6
min, (f) 7.5 min, and (g) 9 min. After UV irradiation, the same skin area was repeatedly
scanned at different time points of (h) 1 day, (i) 2 days, (j) 3 days, and (k) 4 days from
irradiation for follow-up observation. The yellow arrows indicate the different layer structures
including the epidermis (EP), dermis (D), and auricular cartilage (AC). TS: top surface and
RS: rear surface.

Fig. 3. Corresponding color-coded, projection-view OCTA results of Fig. 2. Images were
obtained (a) before UV irradiation, and after UV irradiation with a power density of 0.14
W/em? for (b) 1.5 min, (c) 3 min, (d) 4.5 min, (e) 6 min, (f) 7.5 min, and (g) 9 min. (h) and (i)
show enlarged views of (a) and (g) in the area indicated by the golden square in (g). After UV
irradiation, the same skin area was continuously scanned at different time points of (j) 1 day,
(k) 2 days, (1) 3 days, and (1) 4 days from irradiation for follow-up observation. The vessel size
and density increased after UV irradiation and recovered in one day after irradiation. Each
angiographic image covers a physical range of 3 x 3 mm?.
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The corresponding projection-view OCTA results of Fig. 2 are shown in Fig. 3 which is
color-coded by depth. Each angiographic image covers a physical range of 3 x 3 mm®. Figure
3(a) was obtained before UV irradiation, and Figs. 3(b)—(g) show projection-view OCTA
results obtained after UV irradiation for 1.5, 3, 4.5, 6, 7.5, and 9 min, respectively. Figures
3(h) and (i) show enlarged views of the OCTA images in Figs. 3(a) and (g) in the area
indicated by the golden square in Fig. 3(g). Compared to the result of Fig. 3(a), it is noted that
the vessel size and density increased after UV irradiation, as can be confirmed from Figs. 3(h)
and (i). The red arrows indicate the same blood vessel with different diameters. The increase
in vessel diameter is due to skin inflammation induced by UV irradiation. Inflammation
causes the increased blood flow and further leads to the vessel expansion, presenting a
symptom of redness. As increasing the irradiation period, the vessels in the deeper depth
range, representing in the yellow-green color, became visualized. That was also due to the
increased blood flow induced by UV irradiation, leading to vessel expansion. However, such
vessel expansion gradually reversed after UV irradiation. Figures 3(j)—(m) show the
corresponding OCTA results of Figs. 2(h)-2(k). The images show that the acute effects on
microcirculation induced by UV irradiation disappeared after 24 h, illustrating that such low-
power-density irradiation only causes temporal effects on vessels, which can be reversed in
one day.

Subsequently, the power density of UV irradiation was increased to 0.61 W/cm?, and the
same experimental procedure was repeated. Figures 4(a)—(g) show the OCT images of
another mouse-ear skin obtained before irradiation and after UV irradiation for 1.5, 3.0, 4.5,
6.0, 7.5, and 9.0 min, respectively. The OCT images in Fig. 4 show similar results as those in
Fig. 2. It is difficult to identify the difference in the results obtained before and after
irradiation with the naked eye. Furthermore, the recovery process after UV irradiation was
monitored with OCT, and the results show no significant change in skin microstructure when
the irradiated power density was increased to 0.61 W/cm®.
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Fig. 4. In vivo OCT images of mouse-ear skin obtained (a) before UV irradiation, and after UV
irradiation with a power density of 0.61 W/ecm? for (b) 1.5 min, (c) 3 min, (d) 4.5 min, (e) 6
min, (f) 7.5 min, and (g) 9 min. After UV irradiation, the same skin area was scanned at
different time points of (h) 1 day, (i) 2 days, (j) 3 days, and (k) 4 days from irradiation for
follow-up observation. The yellow arrows indicate the different layer structures including the
epidermis (EP), dermis (D), and auricular cartilage (AC). TS: top surface and RS: rear surface.

Additionally, the corresponding OCTA results are shown in Fig. 5 which is color-coded
by depth. Figures 5(a)—(g) and 5(j)—(m) represent the corresponding projection-view OCTA
images of Figs. 4(a)—(g) and 4(h)—(k), respectively. The blood vessels in the area indicated by
the golden square in Fig. 5(g) were enlarged in comparison to those in the same area in Figs.
5(a), as shown in Figs. 5(i) and (h), respectively. Similar to the results in Fig. 3, the vessels in
the deeper depth range, shown in the yellow-green color, emerged after irradiation and
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gradually disappeared with time. The results illustrate that some vessels became visible after
UV irradiation because of skin inflammation, implying that UV irradiation with a higher
power density caused skin inflammation, increasing the vessel size and density. Moreover,
the same skin area was repeatedly imaged with OCT to investigate the skin recovery. In Fig.
5(j), the vessel density reduced, and Fig. 5(m) shows a similar microvascular pattern to Fig.
5(a), illustrating that the acute effect can be greatly reduced 4 days after UV irradiation.
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Fig. 5. Corresponding color-coded, projection-view OCTA results of Fig. 4. Images were
obtained (a) before UV irradiation, and after UV irradiation with a power density of 0.61
W/em? for (b) 1.5 min, (c) 3 min, (d) 4.5 min, (e) 6 min, (f) 7.5 min, and (g) 9 min. (h) and (i)
show enlarged views of (a) and (g) in the area indicated by the golden square in (g). After UV
irradiation, the same skin area was continuously scanned at different time points of (j) 1 day,
(k) 2 days, (1) 3 days, and (1) 4 days from irradiation for follow-up observation. The results
illustrate that UV irradiation with a higher power density caused skin inflammation, increasing
the vessel size and density. Each angiographic image covers a physical range of 3 x 3 mm?.

250 uﬂ

Fig. 6. In vivo OCT images of mouse-ear skin obtained (a) before UV irradiation, and after UV
irradiation with a power density of 2.18 W/cm? for (b) 1.5 min, (c) 3 min, (d) 4.5 min, (e) 6
min, (f) 7.5 min, and (g) 9 min. (h) The same skin area scanned 1 h after UV irradiation. The
yellow arrows indicate the different layer structures including the epidermis (EP), dermis(D),
and auricular cartilage (AC). The white arrows in (f)—(h) indicate the blisters induced by the
strong UV irradiation.

For Group 3, the power density of UV irradiation was increased to 2.18 W/cm?®. Figures
6(a)—(g) show 2D OCT images of mouse-ear skin obtained before irradiation and after UV
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irradiation for 1.5, 3.0, 4.5, 6.0, 7.5, and 9.0 min, respectively. The backscattered intensity of
the mouse-ear skin started to become weaker after irradiation for 6 min, as indicated by the
white arrows in Figs. 6(f) and 6(g). The same skin area was scanned with OCT after 1 h, as
shown in Fig. 6(h). Compared with Fig. 6(a), the thicknesses of the epidermis and dermis
significantly increased. Moreover, the weaker backscattered area, as indicated by the white
arrow in Fig. 6(h), also increased because of the occurrence of blisters, which resulted in
stronger attenuation. The results show that UV irradiation with a higher power density causes
severer damage types such as blisters and inflammation. The corresponding OCTA results of
Fig. 6 are shown in Fig. 7. Similarly, the vessel distribution became denser after 1.5-min
irradiation but decreased after 7.5-min irradiation. As shown in Fig. 6, the blisters also blurred
the OCTA results because they increased the optical absorption and limited the optical
penetration. Since the speckle variance between sequential B-scans obtained in the same area
was estimated to acquire an OCTA image, the weaker OCT intensity due to the attenuation
resulting from blisters made angiography difficult. Therefore, the vessel density reduced after
7.5-min irradiation, as shown in Fig. 7(g). However, the appearance of blisters can be
detected with OCT/OCTA. Here, the follow-up results are not shown because the blisters
became bigger with time, making angiography difficult.

Fig. 7. Corresponding color-coded, projection-view OCTA results of Fig. 6. Images were
obtained (a) before UV irradiation, and after UV irradiation with a power density of 2.18
W/em? for (b) 1.5 min, (¢) 3 min, (d) 4.5 min, (¢) 6 min, (f) 7.5 min, and (g) 9 min. (h) The
same skin area scanned 1 h after UV irradiation. Each angiographic image covers a physical
range of 3 x 3 mm?.

Figure 8 shows the corresponding photographs of Figs. 3, 5 and 7 taken (a)-(c) before and
(d)-(f) at the time point of 1 h after UV irradiation stopped, respectively. For the cases of the
lower power densities of 0.14 and 0.61 W/cm?, the acute effects are not obvious with the
naked eye. However, when a high power energy of 2.18 W/cm® was applied, an erythema can
be found in Fig. 8(f). In comparison to the corresponding photographs, the OCT results (as
shown in Figs. 3, 5, and 7) can visualize the details of microcirculation and erythema which
are difficult to be identified with the naked eye for the lower power-density cases. The
OCT/OCTA results illustrate that OCT can be used for early detection of UV-induced acute
skin effects.
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0.14 W/cm? 0.61 W/cm? 2.18 W/cm?

Before

After

Fig. 8. Corresponding photographs of Figs. 3, 5, and 7 taken (a)-(c) before and (d)-(f) at the
time point of 1 h after UV irradiation stopped. The red squares indicate the OCT scanning area.

4. Discussion and conclusion
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Fig. 9. Estimation results of skin thickness from Figs. 2, 4, and 6. The power densities of UV
irradiation are (a) 0.14 W/cny?, (b) 0.61 W/cm?, and (c) 2.18 W/em®.

To further investigate the acute effects induced by UV irradiation quantitatively, the skin
thickness and vessel density were evaluated. To determine the skin thickness, we estimated
the total thickness of mouse-ear skin from OCT images, as indicated by the vertical arrow in
Fig. 2(a). To estimate the thickness of mouse skin, twenty-one A-scans at different locations
were manually selected from every 2D cross-sectional OCT image, and the thicknesses
between the top and bottom surfaces of the mouse skin at individual A-scan locations can be
determined afterward. Then, the measured mouse skin thicknesses at these twenty-one
transverse locations in each 2D OCT image were averaged to obtain a mean value of skin
thickness. Additionally, the method for estimating the vessel density is similar to that in the
previous report [27]. Three subareas in each OCTA image for each group (as marked by
colored squares in Figs. 3, 5, and 7) were chosen to estimate an average vessel density. Each
square area approximately equals 1 mm?. Figures 9 and 10 show the estimation results of skin
thickness and vessel density, respectively. In Fig. 9(a), there was no significant change in skin
thickness during UV irradiation, but the average skin thickness increased after irradiation. In
contrast, when the power density was increased to 0.61 W/cm?, as shown in Fig. 9(b), the skin
thickness gradually increased during UV irradiation as well as after irradiation. Compared to
the previous two cases, Fig. 9(c) illustrates that the skin thickness slightly increased after 6-
min irradiation and significantly increased after 7.5-min irradiation. Even after irradiation, the
thickness continued to increase. The acute skin effect induced by UV irradiation caused
edema, resulting in the increase in skin thickness. Additionally, the skin thickness
significantly becomes much thicker due to the occurrence of blisters after UV irradiation with
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a high power density, as shown in Fig. 9(c). The results illustrate that UV irradiation caused
skin thickening, and such an acute effect cannot be reduced in days. Moreover, irradiation
with a high power density resulted in severer damage types such as blisters, making the skin
swollen and inflamed.

The average vessel densities for the three power densities are shown in Fig. 10. From Fig.
10(a), it can be found that the vessel density gradually increased (from 27.2% to 32.2% in 9
minutes) during UV irradiation but started to decrease after irradiation. The vessel density can
be recovered as that before UV irradiation after 4 days. Compared to the results of Fig. 10(a),
Fig. 10(b) presents a significant increase in the vessel density (from 26.3% to 38.1% in 9
minutes) during irradiation, implying that irradiation with a higher power density causes a
more severe skin reaction. However, the results also show that such an acute effect can
disappear in 4 days. For the highest power density, the vessel density also increased for 1.5-
min irradiation (from 38.2% to 46.1%) but started to decrease at 6-min irradiation, which is in
agreement with the results of Fig. 9(c). As mentioned previously, the decrease in the vessel
density was due to the appearance of blisters, causing stronger attenuation and blurring
OCTA results. Even after 1 h, the blister size continuously increased, making the attenuation
of the OCT signal stronger. However, it is noted that OCT and OCTA are able to evaluate the
UV-induced effects on microstructure and microcirculation, and the induced severer damage
types such as blisters can also be detected.
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Fig. 10. Estimation results of vessel density from Figs. 3, 5, and 7. The power densities of UV
irradiation are (a) 0.14 W/cnm?, (b) 0.61 W/cm?, and (c) 2.18 W/em®.
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Fig. 11. The estimated PC values of (a) skin thickness and (b) vessel density for different
power densities including 0.14, 0.61, and 2.18 W/cm®. The asterisk indicates p<0.05.

To further investigate the changes in skin thickness and microcirculation, the experimental
results from animals (n = 5 for each group) were analyzed. Since the skin thicknesses and
vessel densities varied between different mice, the percent of change (PC) of skin
thickness/vessel density other than the absolute values of these two parameters was estimated
for comparison. Here, PC is defined as the change as a percent of the original value. Figures
11(a) and 11(b) show the mean PC values of the thickness and the vessel density for three
power-density groups. In Fig. 11(a), the PC value slightly increased during irradiation with
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the low power densities, such as 0.14 or 0.61 W/cm? and kept increasing after the irradiation
was stopped. In contrast, the PC value rapidly increased after irradiation with the power-
density level of 2.18 W/cm?® for 6 min because of the occurrence of blisters. Moreover, the
standard deviation of PC became larger after irradiation for 9 min and at the time point of 1 h
after irradiation, resulting from the difference in the sizes of the induced blisters. Moreover,
one-way analysis of variance (ANOVA) was performed to evaluate the statistical significance
of differences in the PC values of thickness at the time point of 1 hour after UV irradiation
with three power-density levels. The estimated possibility value (p) is less than 0.05 as
marked by the asterisk in Fig. 11(a), representing the difference is statically significant. In
Fig. 11(b), the PC value of the vessel density gradually decreased after the UV irradiation
stopped (i.e. at the time point of 9 min) for the 0.14 W/ecm® and 0.61 W/cm® cases.
Additionally, the standard deviation in the vessel density results significantly became larger
that was probably due to the severity of induced erythema varied among individuals. For the
curve of 2.18 W/em? in Fig. 11(b), the PC value started to decrease after irradiation for 6 min,
resulting from the occurrence of blisters limited optical penetration and blurred OCTA
results.

In conclusion, we demonstrated the use of OCT/OCTA to study acute skin effects due to
UV irradiation. Irradiation was performed with different power densities, and the induced
acute effects were investigated. Furthermore, the progress of UV-induced effects during UV
irradiation was studied as well as the progress of skin recovery after irradiation. It is noted
that UV irradiation with a low power density may cause the increase of skin thickness and
skin inflammation, resulting in the increase of blood-vessel density. The results also show
that the acute effect on microcirculation induced by a low power density can be recovered in
days, but a longer time is required for the recovery of skin thickness. In contrast, a high power
density may cause severer damage types such as blisters and skin swelling. Such a blister
structure also results in the increase of thickness and attenuation of the OCT signal, blurring
OCTA images. However, the blisters can be detected from OCT and OCTA. Our
experimental results demonstrate that OCT/OCTA can be a promising tool for early detection
of UV-induced acute effects and monitoring skin recovery from UV-induced damage.
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